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ABSTRACT OF THE THESIS
Identification of the Polar Flagellum Genes in
Azospirillum brasilense
By
Enid Thanna McKinley
Master of Science, Graduate program in Microbiology and
Molecular Genetics
Loma Linda University, June 2001
Dr. Igor Zhulin, Chairperson

Azospirillum brasilenser a nitrogen fixing
rhizobacterium, can colonize plant roots and increase the
yield of economically important cereals, such as rice and
grasses. This organism has a mixed pattern of
flagellation: a single polar flagellum for motility in
liquid medium and lateral flagella which might be
involved in motility across the root surface and or
attachment to the root hairs of plants.

Flagella dictate

A. brasilense chemotactic ability and motility, which
plays an important role in colonization of plant roots.
However, nothing is known about the genes that code for
the polar flagellum.

To study the polar flagellum,

different mutants with the Mot

phenotype were identified.

A Western blot analysis was done on cell lysates
collected from the mutants and from the wild type strain.
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Using antibody As-Fla, specific for polar flagellum, the
flagellin sizes for mutants and the wild type were
determined.

Some of the mutants had 96-kDa flagellin

like the wild type while others had truncated flagellin
as small as 65-kDa.

Our hypothesis is that mutants with

reduced size flagellin do not assemble normal flagella.
The mutants with 96-kDa flagellin are believed to
assemble a normal flagellum but there maybe deficiencies
in the flagellar motor.

In our assessment of the polar

flagellum genes in A. brasilense using functional
complementation of Mot

mutants, homologs of the following

genes were found: fliN, flbD, flhA, flhF, fliJ, fill.
flgE, flgD, motA,and motR,.

These proteins are involved

in flagellar motor function, regulation of gene
expression, synthesis and export of flagellin, and in the
control of placement and number of flagellar.
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OBJECTIVE
Flagellin is the protein needed for assembly of the
flagellum in microorganisms such as A. brasilense.
Flagellin normally assembles and produces a functional
flagellum that is able to propel the bacterium.

However,

if there are modifications in the assembly apparatus.
export apparatus, function, or the flagellin protein
itself, then the flagellum will not function normally.
Such microorganisms would be called motility (Mot’)
mutants.
A. brasilense, like many other bacteria, has a
flagellum that has a basal body which is made up of a
rod, a short hook and a helical filament.

Studies that

have been done on this microorganism include
identification and mapping of a locus involved in
motility and expression of a lateral flagella gene
(Moens, Schloter, et al. 1996).

The only motility gene

identified for this microorganism is lafl, which is a
structural gene that codes for the flagellin of lateral
flagella.
The main objectives of this study were to (1)
identify mutants with normal and reduced size flagellin
or changes in glycosylation,

(2) isolate cosmids

containing wild type A. brasilense DNA that complement
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the Mot

mutants.

(3) sequence the inserts of cosmids that

complement the mutants, and (4) identify the gene
products.
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I.

INTRODUCTION

A.

BRIEF HISTORY OF BACTERIAL FLAGELLA
In 1676 Anton Van Leeuwnhoek looked at bacteria

through a single lens microscope and discovered that they
were moving around (Prescott, Harley, et al. 1999).
Bacterial flagella, however, were not recognized as the
structures responsible for locomotion until 1838.
Looking at the bacterium Chromatium okenii, German
microbiologist C.G. Ehrenberg saw 40 flagellar filaments
located at one pole of the cell which he believed were
responsible for propelling the bacterium (Berg 1975).
In 1883, German physiologist T.W. Engelmann,
described the behavior of Chromatium okenii in response
to light stimuli.

He observed that under normal lighting

conditions, the bacterium moves about steadily.

If

however, the light stimuli decreased suddenly, the cell
would move backwards, stop, and then resume normal
movement (Berg 1975).

Engelmann described the reaction

to a decrease in light as a shock reaction.
In 1915, German botanist Johannes Buder gave a more
descriptive explanation of what happens to bacterial
cells when the light stimulus decreases.

He observed

bacterial cells illuminated with far-red visible light.
and found that the flagellar bundle was rotating like a
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left-handed helix (Berg 1975).

He also noticed that when

the bundle rotated, it pushed the body of the bacterium
in the opposite direction.

When the light intensity

decreased, the flagellar bundle slowed to a complete
stop, and then started rotating in the opposite direction
from the original normal rotation.

When Buder introduced

a second light stimulus, the flagella again changed the
direction and resumed normal rotation.

If he did not

apply a second stimulus to the cell, the bacterium would
spontaneously reverse the flagellum's direction of
rotation.

Because the bacterium spontaneously reversed

the direction of rotation, Buder speculated that a
mechanical event was controlling movement of the
flagellar structure.
Peter Metzner, a German microbiologist, used
stroboscopic lighting to view the bacterium and
discovered that the flagella rotated about 40 to 60
revolutions per second, with respect to the cell body
(Berg 1975).

The rapid rotation of the flagella rotated

the cell body about six to eight times per second and
consequently moved the bacterium forward about a tenth of
a millimeter per second.
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B.

MOTILITY
Studies on bacterial flagella are generating much

interest and consequently, there is a drive to elucidate
its structure and functional mechanisms.

Most of the

studies, however, have been focused on the enteric
bacteria such as Escherichia coli and Salmonella
typhimurium.

Consequently, a major portion of the

information that we have about the components of
bacterial flagella and the mechanism of bacterial
motility is derived form studies on these organisms.

In

many other bacteria including Azospirillum species, very
little is known about the flagellar structure and nothing
is known about the genes that are involved in the
construction of the structure.
Bacteria can move about by several different
mechanisms including swimming, swarming, gliding and
twitching.

Azospirillum brasilense is one of many

organisms that use swimming as a means of movement in
liquid medium.

The flagellar filament as observed in E.

coli, is a long left-handed helix that rotates to create
a helical wave from the base of the flagellum to the tip
(Macnab 1996).

The wave creates a force on the cell and

causes the cell to move.

A flagellum responsible for

swimming in liquid is controlled by a reversible motor
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powered by an ion motive force, which rotates the
flagella in a clockwise (CW) or counterclockwise (CCW)
direction.

The flagella rotate in a CW direction to

reverse the direction of the cell and in a CCW direction
to push the cell forward towards an attractant.

A change

in direction of rotation of the flagella in response to a
repellent or an attractant is a basis for chemotaxis
(Larsen, Reader, et al. 1974).

Within the cell.

chemotaxis proteins control the direction of the
flagellar rotation by acting in concert to ultimately
bind the flagella motor switch protein, FliM,
Zhu, et al. 1998).

(Shukla,

Membrane receptors (MCPs) sense

particular chemicals and either activate or inhibit CheA,
a histidine kinase, to signal that it has been bound to a
repellent or an attractant, respectively (Manson,
Armitage, et al. 1998).
In the presence of a repellent, CheA
autophosphorylates, using ATP, and passes the phosphate
group to either a response regulator CheY or a
methylesterase CheB (Mowbray & Sandgren 1998).
Phosphorylated CheY binds to FliM and induces CW rotation
and CheB when phosphorylated removes methyl groups from
the MCP in an adaptive move that counters signaling
leading to a random walk motility.
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In the presence of an

attractant, demethylation by CheB is reduced and CheR, a
methytransferase increases.

Demethylation functions to

promote a smooth swimming bias countering the effect of
the phosphorylated CheA.
C.

SWARMING
An increasing number of microorganisms are being

discovered which have a mixed pattern of flagellation.
They have a polar flagellum for swimming and many lateral
flagella for swarming.

Among those organisms are A.

brasilense (Hall & Krieg 1983) and Vibrio
parahaemolyticus (McCarter & Silverman 1990).

In mixed-

flagellated bacterium, the same gene can be responsible
for signaling a bacterium to either swim or swarm.

A

mutation in that gene would result in the inability to
swim or swarm.

Bacteria may also have different receptor

genes for swimming and for swarming.

A mutation in the

gene that controls swimming would not affect the ability
to swarm nor would mutation in a gene that controls
swarming affect swimming.
Swarming is believed to play an important role in
colonization of plant roots because bacterial cells
quickly move to cover the surface of solid media during
swarming (Harshey 1994b).

During swarming, bacterial

cells differentiate and migrate while remaining in close
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cell to cell contact with each other.

Swarming occurs on

surfaces where the composition of the media is too solid
to permit swimming.

For instance, swimming is not

permitted when the agar concentration is 0.5% and above.
Azospirillum brasilense is a gram-negative nitrogen
fixing rhizobacterium that has a mixed pattern of
flagellation.

It has a single polar flagellum for

swimming (Tarrand et al. 1979; Zhulin & Armitage 1993)
and in addition several lateral flagella for swarming on
solid surfaces (Hall & Krieg 1983).

The condition of the

environment determines the type of flagella that the
bacterium uses (Alexandre, Rohr, et al. 1999; Moens,
Schloter, et al. 1996c).

In A. lipoferum and A.

brasilense swimming was observed at low agar
concentration, 0.1 to 0.2%, and limited swarming, but not
swimming, was observed at higher agar concentration, 0.1
to 0.6%.

The proteins that are involved in the

expression of the polar flagellum are different from
lateral flagella. Hall and Krieg isolated a mutant that
had the ability to swarm on solid surfaces but could not
swim in liquid.

They also isolated mutants that swam but

did not swarm (Hall & Krieg 1983).

This indicates that

different genes control the function of the polar and
lateral flagella.
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In E. coli and Salmonella, the genes that are
responsible for swimming are also responsible for
swarming (Harshey & Matsuyama 1994).

The flagellin

proteins for both swimming and swarming E. coli and
Salmonella typhimurium were isolated and compared.

The

results indicated that the same flagellin protein was
present in the flagella for swimming and swarming in E.
coli and S. typhimurium.

For E. coli, Harshey and

Matsuyama (Harshey & Matsuyama 1994) proved that other
factors were also important in the ability to swarm.
Mutations in three or four chemoreceptors, Trg, Tsr, Tar
and Tap, or in any of the chemotaxis gene, CheY, CheZ,
CheA, CheW CheR, and CheB, resulted in an inability of E.
coli cells to swarm.

Swarming of E. coli and Salmonella

cells require a minimum agar concentration of 0.5% and
0.8% respectively (Harshey & Matsuyama 1994).
Both swimming and swarming in Serratia liquefaciens
are controlled by the same regulator, FlhD (Eberl,
Christiansen, et al. 1996).

A Mutation in the flhD gene

resulted in an inability for S. liquefaciens to either
swim or swarm.

A 0.2% to 0.4% agar concentration was

shown to be favorable for swimming, while a concentration
0.5% to 1.2% agar concentration favored swarming.
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As in Azospirillum,

Vibrio parahaemolyticus also

displays a single polar flagellum in liquid and many
lateral flagella on solid surface.

Unlike E.

coli,

Salmonella and Serratia liquefaciens, the same proteins

do not regulate the two types of flagellar structure in
Vibrio (McCarter & Silverman 1990).

Mutants that were

defective in the ability to swarm were still able to
swim.

This suggests that different proteins control the

two types of flagellar structure.
D.

SIGNIFICANCE
Some free-living diazotrophs found in the

rhizosphere are beneficial to the growth of plants.
Among those organisms are Acetobacter diazotrophicus,
Azospirillum species, Azotobacter, Herbaspirillum
seropedicae and Azoarcus species.

Some Azospirillum spp

have the ability to fix nitrogen in the rhizosphere with
the potential to increase plant growth.

A.

halopraeferens, A. brasilense, A. lipoferum, A.amazonense
and A. irakense are five species of Azospirillum that

have such ability.

Azospirillum colonizes the roots of

many types of cereals and grasses (Okon 1994).
In order for a bacterium to colonize plant roots, it
must be able to sense the presence of the plant and then
move towards the plant.

Therefore, both motility and
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chemotaxis are believed to be necessary for colonization
of plant roots.

Motility is necessary for movement

through moist soil and chemotaxis is required for
attraction towards sugars and, amino acids (Zhulin &
Armitage 1993) and aromatic compounds (Lopez-de-Victoria
& Lovell 1993) .
E.

PLANT ROOT ASSOCIATION

1.

Motility/Chemotaxis/Aerotaxis
Being motile and chemotactic are characteristics

that enable A. brasilense to sense energy sources and
move towards that source.

Azospirillum species responds

chemotactically to a variety of amino acids, organic
acids and sugars (Zhulin & Armitage 1993).

Oxalate is

the major organic acid observed in wheat and rice
exudates and A. brasilense is the primary colonizer of
such plants (Reinhold, Hurek, et al. 1985).

Other

species of Azospirillum isolated from plants such as
maize and Kallar grass are chemotactic to malate, which
is the major organic acid produced by these plants
(reviewed in Michiels, Vanderleyden, et al. 1989). This
indicates that the exudates given off by different plants
are specific for different strains of Azospirillum and it
is possible that this specificity is important for
colonization.
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In addition to being chemotactic. Azospirillum
species are aerotactic in that they are attracted to
oxygen gradients (Barak, Nur, et al. 1982). Respiring
plant roots create oxygen gradients, so being aerotactic
may also be important for colonization.
2.

Mode Of Attachment To Plant Roots
The mode of attachment to plant root is another

property that enables Azospirillum brasilense to be more
competitive in the rhizosphere.

The process by which A.

brasilense attaches to plant root is biphasic (Michiels,
Croes, et al. 1991) .

The first phase is adsorption where

the bacterium attaches loosely to the plant root.

This

attachment to plant roots is mediated by the polar
flagellum of A. brasilense (Croes, Moens, et al. 1993).
An A. brasilense strain that was completely Mot',
defective in both the polar flagellum and lateral
flagella, were also defective in adsorption.

A.

brasilense mutants that had the polar flagellum intact
but lateral flagella mutated, showed the same adsorption
capacity as that of the wildtype strain (Tarrand, Krieg,
et al. 1978).

This suggests that lateral flagella are

not involved in the adsorption process.

In addition,

root adsorption was not seen in mutants that were
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defective in the polar flagellum (Croes, Moens, et al.
1993) .
Croes and Moens also used purified flagella to prove
that the polar flagellum is the mediator of adsorption.
An equal amount of purified polar flagellum and purified
lateral flagella were incubated with wheat roots to see
if they would bind to the roots.

The result showed that

the purified polar flagellum bound effectively to the
wheat roots, but that purified lateral flagella did not
bind (Croes, Moens, et al. 1993).
The second phase of attachment is anchoring.

In

this phase, several hours after the adsorption phase, the
bacterium irreversible attaches to the surface of the
plant root (Michiels, Croes, et al. 1991).

Azospirillum

mutants that were defective in the production of
exopolysaccharides that were stainable with calcofluor
were not able to anchor to plant roots.
F.

FLAGELLAR COMPONENTS

1.

Introduction
Information that was gathered from E. coli and

Salmonella showed that their flagellum is made of three
components.

It has a basal body embedded in the cell

envelope, a long thin filament that extends from the
surface of the cell to the tip, and a short hook that
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links the filament to the basal body (Macnab 1996) .
Approximately 40 to 50 different proteins of known
function are involved in the assembly and movement of the
flagellaar componetns and in export of the flagellin.
The flagellum of a gram-negative bacterium is
different from that of a gram-positive.

In gram-negative

cells, four rings surround the basal body structure.
There are two inner rings, an M ring and an S ring, that
are in contact with the plasma membrane and possibly the
peptidoglycan layer, respectively (Prescott, Harley, et
al. 1999).

The other two rings, the L and P, are

connected to the LPS and the peptidoglycan layers.
respectively (Ueno, Oosawa, et al. 1992).

Gram-

positives, however, have only two rings in the basal
body, an inner M ring that is attached to the plasma
membrane and an outer ring that maybe attached to the
peptidoglycan layer.

In addition to the rod and rings.

there is another ring, the C ring, which is embedded in
the cytoplasmic membrane.

The C ring, also known as the

motor switch complex contains proteins FliM, FliG and
FliN (Thomas, Morgan, et al. 1999).
The flagellum for both gram negative and gram
positive bacteria is a hollow structure that allows for
passage of flagellin subunits, which assemble at the

16

distal end (Prescott, Harley, et al. 1999).

An export

apparatus transports the protein for each flagellar
component across the cytoplasm to form the flagellar
structure outside of the cell (Minamino & Macnab 1999).
The basal body is the first structure that assembles
followed by the hook and then the filament (Homma,
Kutsukake, et al. 1990; Kubori, Shimamoto, et al. 1992).
2.

Flagellum-specific pathway
All flagellar proteins cross the cytoplasmic

membrane and some also cross the outer membrane.

The Sec

dependent pathway is not responsible for secreting most
of these proteins across the membrane because they do not
undergo signal peptide cleavage (Homma, Kutsukake, et al.
1990) .

Instead, as seen in E. coli, a flagellar protein

export apparatus is responsible for the export of
proteins across the membrane (Minamino & Macnab 1999)
The export apparatus is comprised of eight different
proteins, FlhA, FliO, FliP, FliQ, FlhB, FliR, FliH, and
Flil.

These proteins, referred to as membrane associated

proteins, are located inside a pore in the MS ring, which
is approximately 10 nm

(Macnab 1996).

FlhA, FliP, and

FliR have been proven to be associated with the basal
body (Fan, Ohnishi, et al. 1997).

Flil is in the

cytoplasm and it is involved in the active transport of
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substrates that are destined to leave the cytoplasm and
travel across the membrane.

Fill is similar to the

secretory. Sec, pathway in that it has a C-terminal
region that is responsible for ATPase activity and an INIterminal region that interacts with other flagellar
export components.
3.

MS Ring and C Ring Assembly
The M and S rings are distinct structures of the

basal body that are formed from a single protein, FliF
(Ueno, Oosawa, et al. 1992). The rings, which are a part
of the basal body, are the first structures that assemble
in the hierarchy of flagellar assembly.

After the rings

form, FliG binds to the MS ring structure to start the
formation of the switch complex.

The interaction of the

switch complex with the MS ring is through contact with
FliG (Kubori, Yamaguchi, et al. 1997) because FliF binds
strongly to FliG, but does not bind to FliM or FliN.
The motor switch proteins, FliM, FliG, and FliN,
interact with each other to turn on the motor proteins.
MotA and MotB.

FliM from the switch complex, located in

the cytoplasmic membrane, receives its signal from a
chemotaxis protein, CheY (Toker & Macnab 1997).

In

Salmonella typhimurium, CheY binds to the N-terminal
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region of FliM, FliG binds to the middle third of FliM,
and FliN binds to the C-terminal of FliM.
4.

Rod
The rod is a short structure that has its proximal

portion located in the cytoplasmic membrane.

It

stretches across the periplasmic space and ends in the
outer membrane.

It is made of four different proteins,

FlgC, FlgF, FlgB, and FlgG (Homma, Kutsukake, et al.
1990) that are exported by the flagellum-specific
pathway.

FlgC, FlgB, and FlgF are the first proteins

exported to form the proximal portion of the rod while
FlgG is exported later to form the distal portion of the
rod.
In order for the rod to assemble, the barrier
imposed by the peptidoglycan must be broken down.

The

peptidoglycan layer is a very rigid structure that is
made of glycan strands.

The glycan strands are made of

two aminosugars, N-acetylglucosamine (GlcNAc) and Nacetylmuramic (MurNAc).

A (3-1,4 linkage of adjacent

MurNAc cross-links each glycan sheet, which makes the
peptidoglycan layer very strong and rigid (Holtje 1998).
FlgJ plays an important role in the breakdown of the
barrier formed by this layer.
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FlgJ is necessary for construction of the rod
(Kubori, Shimamoto, et al. 1992) because mutants that
were defective in the flgJ gene did not form a rod
structure .

The C-terminus of FlgJ is a flagellum-

specific muramidase (Nambu, Minamino, et al. 1999) that
hydrolyze the peptidoglycan layer allowing the rod
structure to form.

This C-terminal region was shown to

proven homologous to muramidase in Enterococcus hirae and
autolysin in Streptococcus faecalis (Joris, Englebert, et
al. 1992).

The C-terminal of FlgJ is also similar to

protein AcmA which is a peptidoglycan hydrolase, and is
responsible for cell separation in Lactococcus lactis
(Buist, Kok, et al. 1995).

AcmA has sequence homology to

autolysin of Streptococcus faecalis and muramidase in
Enterococcus hirae.

The N-terminus does not act as a

muramidase, however, in the absence of the N-terminus,
the C-terminus was not as efficient as a muramidase
(Nambu, Minamino, et al. 1999).

Mutants that were

defective in the N-terminal region had reduced enzymatic
activity and poor motility.
After the distal rod forms, a scaffolding protein
FlgD, forms a cap by attaching to the distal end of the
rod.

FlgD protein is not present in mature flagellum but

is required for the assembly of the flagellar hook
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(Kubori, Shimamoto, et al. 1992).

It modifies the tip of

the rod and remain in place until the hook is completely
assembled, then it dissociates (Ohnishi, Ohto, et al.
1994).

After FlgD attaches to the rod, the flagellum

specific pathway forms the P ring and then the L ring to
the unfinished structure of the flagellum.

The P ring.

which is located in the periplasmic space, is made of
protein Flgl (Ohnishi, Ohto, et al. 1994) and FlgA in
Salmonella (Nambu & Kutsukake 2000).

The L ring located

in the outer membrane is made of protein FlgH.
5.

Hook
The flagellum-specific secretory pathway inserts

FlgE, hook protein subunits, between the rod and FlgD.
In Salmonella enterica, the concentration of FlgE in the
cell was proven to be affected by the stage of flagellar
assembly (Bonifield, Yamaguchi, et al. 2000).

Mutants

that had a defect in the rod genes. flgB, flgC, flgF, had
no detectable FlgE protein.

Strains that had a mutation

in the genes coding for the rings P and L and the hook.
flgl, flgH, flgA, and flgD had an intermediate level of
FlgE protein. Salmonella strains that were missing FlgK
and FlgL, hook-filament junction proteins, had wild type
levels of FlgE protein (Bonifield, Yamaguchi, et al.
2000) .

FlgE is important for complete assembly of the
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flagellar hook.

However, genes from other structures

within the basal body regulate its level of production.
6.

Filament
The filament is the portion of the flagellum that is

responsible for propelling the bacterial cell; it is not
part of the motor.

It is approximately 5 to 10 pm in

length and 20 nm thick (Namba, Yamashita, et al. 1989).
The structure of the filament is helical with waves that
are approximately 2.0 to 2.5 pm and a helical diameter
that is approximately 0.4 to 0.6 pm (Macnab 1996).

These

dimensions are constant along the entire length of the
filament.
The filament, as seen in E. coll, is made of many
subunits of a single protein named flagellin, FliC
(Ohnishi, Ohto, et al. 1994).

The accumulation of an

anti sigma factor, FlgM, inside the cell regulates the
production of flagellin (Hughes, Gillen, et al. 1993).
The anti sigma factor, FlgM, binds to a sigma factor,
FliA, and acts as a negative regulator of expression of
flagellin.

If there is a normal rod and hook structure.

then the filament will assemble because FlgM is excreted
from the cell.

If however, there is a defect in the rod

or the hook structure, FlgM accumulates in the cell, and
inhibits the production of flagellin.
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7.

FlbD
Many other proteins are involved in the assembly of

the flagellum.

Among them is FlbD, a protein that is

responsible for regulating transcription of fla genes.
In Caulobacter crescentus, there are four levels of fla
gene transcription.

The first level of transcription

genes is involved in the response to cell cycle signals.
Genes in the different levels of transcription are also
required for the expression of genes in the next level.
The second level of transcription genes is divided into
class IIA and IIB genes (Reviewed in Benson,
Ramakrishnan, et al. 1994).

These genes are responsible

for expression of the components of the basal body
Level

including the flagellar specific export apparatus.

Ill and IV genes are responsible for the expression of
the hook and filament components (Dingwall, Carman, et
al. 1992).

Different RNA polymerase holoenzymes are

responsible for expression of the various levels of gene
expression in Caulobacter crescentus.

The RNA polymerase

responsible for the transcription of the class II genes
are unknown, however, o54 RNA polymerase is responsible
for the transcription of class III and IV (Chen, Mullin,
et al. 1986).

FlbD is known to regulate the

transcription of the level III and IV fla genes.
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It

turns off the level II promoters and activates a54, the
promoter for the transcription of level III and IV genes
(Benson, Ramakrishnan, et al. 1994).
8.

Regulation Of Flagella Placement And Number
Before the flagellum assembles, some genes determine

the locations of flagella on the cell surface and the
number of flagella on each cell.

FlhF is the protein

that determines the placement of the flagellar structure
on the cell and MotR determines the number of flagella
per cell.
FlhF is a G-protein that is located in a flagellarmotility-chemotaxis operon (Pandza, Baetens, et al.
2000) .

This protein controls the directional motility

and flagellar arrangement in Pseudomonas putida.

When

there is a mutation in the flhF gene, the bacterium
looses its sense of direction, it moves about randomly
and does not respond appropriately to an attractant.

In

addition, a mutation leads to flagella that are randomly
arranged around the cell.

Overexpression of the flhF

gene does not restore direction of motility instead
hyperflagellation occurs (Pandza et al 2000).
The motR gene controls the number of flagella
placed around each cell.

In Pseudomonas aeruginosa, an

insertional mutation in this gene resulted in a
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multiflagellate mutant (Campos-Garcia, Najera, et al.
2000).
9.

Bacterial Flagellar Motor
An ion gradient provides the energy bacteria need to

rotate the flagella (Lauger 1977).

The energy can be

from either a sodium gradient, as in Vibrio alginolyticus
(Asai, Kawagishi, et al. 1999), or a proton gradient as
in Salmonella typhimurium (Yamaguchi, S. et al. 1986).
The M ring at the base of the flagellum is linked to the
cell wall in a cross bridge fashion (Khan 1988) .

Within

the cell, there exist a channel complex that is linked to
the cell by an "elastic linkage".

This complex has an

inner and an outer channel that fits over a proton site
that is on the M-ring.

When the proton binding sites on

the M-ring is charged it causes the channel complex to
move its outer channel over the charged proton, which act
to deprotonate.

The proton is transported to the inner

channel of the complex which then realeses the proton
into the cytoplasm (Khan 1988).

Each time the proton

site is protonated, the channel complex move over to the
site.

This action creates a force on the M-ring each

time.

Consequently, due to protons, the switching and

rotation of the flagellum occurs.
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II.

MATERIALS AND METHODS

A.

BACTERIAL STRAINS AND GROWTH CONDITIONS
Azospirillum brasilense wild type strain Sp7 was
Sp7 and all non-motile Azospirillum

used in this study.

strains were grown at 30°C in Nutrient Broth (Difco,
Becton Dickinson Sparks, Maryland) or Malate Salt Medium
(3 g K2HPO4, 1.6 g KH2PO4, 2 g sodium malate, 0.002 g
sodium molibdate, 0.2 g/1 CaCl2, 0.01 g/1 MgS04, 0.01 g/1
MnSO 41 FeS04EDTA).

Cultures were routinely kept in NB or

MSM at room temperature.

E. coli strains were grown in

Luria-Bertani (LB) medium (10 g bacto tryptone, 10 g
sodium chloride, 5 g yeast extract per liter) at 37°C.
For strains that required antibiotics, the final
concentration was: tetracycline, 10 pg/ml; kanamycin, 30
pg/ml; ampicillin, 100 pg/ml.

Strains were grown in

liquid media or on plates that contained 15 g/1 Bacto
agar.

MSM semi-soft plates contained 0.3% agar.
The A. brasilense Sp7 genomic library (obtained from

J. Vanderleyden) constructed in E. coli using a broad
host range cosmid pLAFRl was used in this study.

The

non-motile Azospirillum brasilense strains were isolated
after chemical mutagenesis (nitrosoguanidine) and
screening on MSM semi-soft plates (I.B. Zhulin,
unpublished results).
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B.

CONJUGATION
A tri-parental mating was done using donor E. coli

cells containing an Azospirillum genomic library, a nonmotile A. brasilense strain as the recipient, and a
strain containing the helper plasmid pRK2013.

The donor

cells were grown in LBtet at 37°C, the recipient grown in
NB (supplemented with MgS04) at 30°C and the helper
strain, with plasmid pRK2013, grown in LB kan at 37°C.
After 12-16 h overnight growth, the donor, recipient, and
helper plasmid were each reinoculated in fresh medium and
allowed to grow for approximately 3 h.
The cells were collected by centrifugation at 2500
rpm for 5 min at 23°C.

The pellets were washed twice with

1 ml sterile 0.85% NaCl for 5 min each and then
resuspended in 0.85% NaCl.

30 pi of the donor cells.

recipient and helper strains were mixed in the same
sterile tube.

The resulted 90 pi was pipetted unto a D-

medium plate (8 g nutrient broth, 0.25 g MgS04, 1 g KCL,
and 0.01 g MnCl2 per liter).

After the plate dried, it

was inverted, placed in a humid chamber and incubated for
16-19 h at 30°C.

After the incubation period, the cells

were collected and resuspended in 200 pi of sterile 0.85%
NaCl.

The suspension was then collected and streaked

into a semi-soft MSM tet agar plate.
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C.

COSMID ISOLATION
Cosmid containing strains were streaked onto LB tet

plates and grown at 37°C to obtain single colonies.

A

single colony was used to inoculate LB tet liquid medium
and then allowed to grow at 37°C overnight with vigorous
shaking.

The cells were collected by centrifugation at

11000 rpm for 1 min.

The pellet was resuspended in

TEG/Lysozyme (40 mM Tris-Acetate, 1 mM EDTA, 1 mg/ml
lysozyme) then lysed with fresh ice-cold 0.2 M NaOH/1%
SDS.

After lysis, the cells were neutralized with ice-

cold 3 M potassium-Acetate solution.

The cells were then

centrifuged at 13,000 rpm for 5 min after which the
supernatant was subjected to phenol/chloroform
extraction.

The DNA was precipitated with 2 volumes of

ice-cold 96% ethanol and then washed with ice cold 70%
ethanol.

The pellet was air dried and resuspended in 10

pi double distiled H20.
D.

DNA DIGESTION
Cosmids were double digested with enzymes EcoRl and

Pstl (New England BioLabs) according to the
manufacturer's instructions.
E.

AGAROSE GEL EXTRACTION
DNA electrophoresis was carried out on a 0.8%

agarose gel (BioRad Laboratories, Richmond, California)

28

in TAE buffer pH 7.2 (40 mM Tris buffer, 20 mM sodium
acetate trihydrate, 1 mM disodium EDTA).

The gel was

stained with 0.5 pg/ml ethidium bromide (BioRad,
Richmond, California).

DNA was recovered from gel bands

using QIAEX II Agarose Gel Extraction kit (Qiagen Inc.,
Chatsworth, California) according to the manufacturer's
protocol.
F.

SUBCLONING
DNA that was extracted from the gel was ligated into

the pUC18 cloning vector using T4 DNA ligase (Roche
Diagnostic Indianapolis).

Ligation was done in 10 pi

total volume, 1 pi of vector, 4 pi of insert, 1.0 pi T4
buffer, 0.5 pi of T4 DNA ligase, and 3.5 pi ddH20.
Ligation was performed at 16°C.
G.

TRANSFORMATION
Competent E. coli DH5a cells were used to transform

ligated DNA.

In a sterile Eppendorf tube, 110 pi of DH5a

was added to 7 pi of ligation mixture.

The DNA-cell

mixture was kept on ice for 20 min then heat shocked at
42°C for 30 s.

After heat shock the cells were placed

back on ice for 2 min.

Approximately 200 pi of room

temperature SOC (2 % Becto trypton, 0.5 % yeast extract,
10 mM NaCl, 2.5 mM KC1, 10 mM MgCl2 6H20, 10 mM MgS04 7H20,
20 mM glucose) was added to the cells and then incubated
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at 37°C for 1 h with vigorous shaking.

The cells were

plated on LBamp plate containing 40 pg/ml 5-bromo-4-chloro3-p-D-galactoside (XGAL) and 8 pg/ml isopropyl betathiogalactoside (IPTG).
overnight.

Plates were incubated at 37°C

White colonies were selected and grown in 5

ml LBamp for approximately 12 to 16 h.

DNA was digested

with EcoRl and Pstl.
H.

PLASMID MINIPREP
In order to prepare for sequencing, Plasmids were

purified with a QIAprep spin coulmn (Qiagen Inc.,
Chatsworth, California) according to the manufacturer's
protocol.
I.

COSMID PURIFICATION
In order to prepare for sequencing, cosmids were

isolated and purified according to the protocol described
in the Qiagen Plasmid Purification Handbook (Qiagen Inc.,
Chatsworth, California).
J.

DNA SEQUENCING
Azospirillum brasilense DNA was sequenced at Loma

Linda University (Loma Linda, California).
K.

PREPARATION OF FLAGELLIN FRACTIONS

1.

Polar Flagellum
To obtain a crude protein fraction of the polar

flagellum, the mot' strains were grown in NB at 30°C with
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vigorous shaking to OD6oo=0 • 6-0.8 .

1.0 ml of culture was

placed in microcentrifuge tube and spun 2500 rpm for 5
min at 23°C.

The supernatant was discarded and the pellet

washed twice for 5 min in 1 ml of 0.02 M Tris HC1, pH
7.5.

After washing, the pellet was resuspended in 250 pi

of 0.02 M Tris HC1,

(pH 7.5) and 250 pi of sample buffer

solution containing beta-mercaptoethanol (BioRad,
Richmond, California) at a 19:1 ratio.

The sample was

boiled for 5 min in a water bath and then cooled on ice.
2.

Lateral Flagella
Mot' strains were grown in NB at 30°C water bath with

vigorous shaking.

1.5 ml of the cell suspension were

spread onto D-medium plates and then incubated at 30°C for
48 h.

The cells were then carefully scraped and washed

off the medium with 1.5 ml of Chemotaxis buffer (10 mM
monobasic potassium phosphate, 10 mM dibasic potassium
phosphate, 0.1 mM EDTA) and collected in a test tube.
Chemotaxis buffer was used to adjust protein
concentration to OD6oo=l. 5-1.7 .

The remaining preparation

of the protein for the lateral flagella was exactly as
described for polar flagellum.
L.

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS
A SDS gel electrophoresis (4% stacking gel, 10%

separating gel) was used to separate protein samples.
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The stacking gel contained 1.25 ml distilled water, 625 pi
0.5 M Tris-Cl pH 6.8 (RT), 25 pi 10% wt/vol SDS, 325 pi
bis-acrylamide (30% T, 2.67%C), 12.5 pi 10% wt/vol
ammonium persulfate, and 2.5 pi TEMED.

The separating gel

contained 3.2 ml distilled water, 2.0 ml 1.5 M Tris-Cl pH
8.8 (RT), 80 pi 10% wt/vol SDS, 2.66 ml bis-acrylamide
(30% T, 2.67%C), 40 pi 10% wt/vol ammonium persulfate, and
4 pi TEMED.

A 20 pi aliquot of each sample and 20 pi of

Standard Precision Protein ladder (BioRad Laboratories,
Richmond, California) was loaded into separate wells in
the gel.

Transfer buffer (12 mM Tris, 96 mM Glycine, 10%

Methanol) was then diluted (1:10) and poured into a
biorad Mini-Protean 3 System that contained the gel
loaded with the protein.

Proteins were transferred from

a gel in a semi-dry transblot apparatus (BioRad) to a
nitrocellulose membrane.
M.

WESTERN BLOT
Lateral and polar flagellins were detected with

AsLaf and AsFla antibody respectively (Alexandre et al.
1999).

The membrane was first washed on a shaker for 40

min in 15 ml of blocking solution containing 1% non-fat
dry milk and Tris buffered saline-Tween20 (25 mM Tris,
500 mM sodium chloride, pH 7.5, 0.05% Tween20).
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After

blocking, the membrane was washed three times with 15 ml
TEST for 10 min with vigorous shaking.
A 1:5000 dilution of the appropriate primary
antibody in TEST was used to incubate the membrane
overnight while shaking gently on an orbital shaker.
After incubation, the membrane was washed as described
above three times for 10 min each.
for each wash.

Fresh TEST was used

The membrane was then incubated for 1 hr

in a 1:5000 dilution of secondary antibody, goat anti
rabbit IgG H+L horseradish HRP conjugate (BioRad,
Hercules, California).

After incubation, the membrane

was washed once for 30 min and then twice for 10 min.
After the wash, the membrane was incubated for 5 min
in equal amount of luminol enhance solution and stable
peroxide solution (Super Signal® West Pico
Chemiluminescent Substrate, Rockford, Illinois).

The

membrane was dried of excess substrate and then wrapped
in a Saran Wrap.

The wrapped membrane was placed in a

Kodax X-Omatic cassette and exposed to a Kodak Scientific
Imaging film.
N.

PERIODIC ACID/SCHIFF STAINING
The membrane containing the protein was treated with

Periodic acid/Schiff reagents according to the method
described by Stromqvist & Grufmann (1992) and Moens et al
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(1995), with modifications.

The membrane was washed for

5 min in Milli-Q water on a shaker.

After washing, the

membrane was incubated in a solution of 1% periodic acid
and 3% acetic acid for 20 min without shaking.

The

membrane was then rinsed with Milli-Q water, on a shaker.
for 15 min, with several water changes.

Shift's reagent

was poured on the membrane and allowed to stain under a
After staining, the reagent

hood in the dark for 15 min.

was poured off and 0.5% sodium bisulfite solution was
used to incubate the membrane for 5 min.

The membrane

was then washed for 5 min, dried between two sheets of
Wattman paper, and stored in aluminum foil to prevent
bleaching.
0.

BIOINFORMATICS

1.

DNA Sequence Analysis

Similarity Search:
Azospirillum DNA sequences were used as queries in
similarity searches against a non-redundant database at
The National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/) where searches were
performed using the BLAST program (Altschul, Madden, et
al. 1997) .

Searches were carried out with a nucleotide

sequence against a protein database (BLASTX option).
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Primer Design: Primers were designed for the purpose of
sequencing the Azospirillum DNA by primer walking.

A

short portion of a DNA sequence (17 to 23 amino acid
residues) as a primer was checked for its suitability by
using the PrimerFinder program
(http://eatworms.swmed.edu/~tim/primerfinder/).
Sequence Assembly:

Sequences were assembled by finding
The Blast 2 Sequence

an overlap in two sequences.

program (http://www.ncbi.nlm.nih.gov/gorf/bl2.html) was
used to align two DNA sequences that have only a short
overlapping fragent.
Reverse Complement Of Sequences:

Sequencing of

Azospirillum DNA was carried out in both directions on
each strand.

In order to read the DNA sequence in the

opposite direction, reverse complement was used to obtain
the primer sequence going in the opposite direction.

DNA

sequences that were obtained from the negative strand
were converted with the reverse complement program
(http://dot.imgen.bcm.tmc.edu:9331/sequtil/Options/revcomp.html).
Gene Finding:

Open reading frames were detected by using

the ORF Finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) or the Frame
Plot program

(http://www.nih.go.jp/~jun/cgi-
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bin/frameplot.pi).

ORFs were automatically translated

into protein sequences (options of ORFfinder and
FramePlot).
2.

Protein Sequence Analysis

DAS: Transmembrane regions within a protein sequence were
identified by using the DAS algorithm
(http://www.sbc.su.se/~miklos/DAS/).
COG: Clusters of Orthologous Groups contain sequences of
only completely sequenced genomes.

This tool was used to

search for orthologous flagellar proteins in the entire
database of completely sequence genomes.

COG is located

at http://www.ncbi.nlm.nih.gov/COG/
CDD: Using protein sequences, the Conserved Domain
Databse was used to reveal known conserved domains within
a protein sequence.

CDD is located at

http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
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III. RESULTS
A.

FLAGELLIN SIZE
Western blot analysis of the polar flagellin

revealed non-motile mutants with wild type size flagellin
and some with reduced size.

Flagellin from the wild type

Sp7 as well as from mutants IZ28", IZ34', and SD8’, had a
size of 96 kDa, whereas flagellin from mutants IZ5’ and
IZ11’ had a size of approximately 66 kDa and 65 kDa
respectively (Fig. 1).

Western blot analysis of the

lateral flagellin revealed that Sp7 and all Mot' mutants
had a wild type flagellin size of 45 kDa (Fig. 2).
B.

GLYCOSYLATION
Sugar staining of the polar flagellin revealed that

Sp7, IZ28', IZ34’, and SD8’ were glycosylated while mutants
IZ5’ and IZ11" were non-glycosylated (Table 1).
C.

COMPLEMENTATION OF NON-MOTILE MUTANTS
There was more than one cosmid from the Azospirillum

genomic library able to complement the defect in a
specific Mot

mutant (Table 2) . IZ5’, SD8', and SD40'

regained full motility when pIZ5L2, pSD8Ll, or pSD40 were
used in the complementation study.

IZ28' regained

motility when pIZ28Ll or pIZ34Ll was introduced by
conjugation.

A successful complementation of IZ28
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with

pIZ28Ll showed Azospirillum cells swimming out to form
small rings away from the area where they were plated
(Fig. 3) .
D.

IDENTIFICATION OF MINIMAL COMPLEMENTING INSERT
Digestion of pIZ28Ll and pIZ34Ll with EcoRl/Pstl

showed that the cosmids had two DNA fragments in common
with sizes of approximately 7 kb and 6 kb (Fig. 4).
These two bands were isolated subcloned into pUC18 and
named pIZ206 and pIZ207, respectively.

pSD8L3 and

pSD8L4, which complemented SD8' had a single band in
common that was approximately 8 kb.

The band was

isolated, subcloned into pUC18 and named pIZ210 (Fig. 5).
E.

GENE ASSIGNMENT
The inserts in pUC18 plasmids were sequenced using a

primer-walking strategy with universal primers at the
first step.

When BLAST searches were performed using

sequences from pIZ207, the results showed similarity to
known genes, flgD and flgE, found in other bacteria (Fig.
6) .

The E value,

(expectation that the similarity would

occur by chance) of each BLAST hit was used to determine
the significance of the sequence similarity between
Azospirillm DNA and other bacteria.

The lower the E

value, the more significant the result.
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The E values of

the BLAST hit for flgD and FlgE were significant (Table
3) .
Sequencing of pIZ206 revealed significant sequence
similarity to fill, fliJ, motR, and flhF (Fig 7).

A

primer directed to flhF was used to sequence directly
from the cosmid pIZ28Ll.

The results showed sequence

similarity to flhA (Fig 7).

All BLAST hits had

significant E values (Table 4).
Primer walking on pIZ28Ll revealed similarity to
fliN, motA, and flbD (Fig 8).

Table 5 shows the results

of significant E values found from the BLAST query of
Azospirilium DNA.

Sequencing results identified a 4067 base pair
Azospirillum DNA region that contained no open reading
frames.

This non-coding region separates the operon that

contains fill and fliJ from one containing motR, flhF,
and flhA.

Similarily, fliN, motA, and flbD genes are in

one operon, while flgD and flgE appear to be in another
operon (Fig 9).
Sequencing results from pIZ210 with a universal primer
reveal similarity to NeuB from Aeromonas caviae, involved
in polysaccharide synthesis.

A Reverse primer revealed

sequence similarity to mono-and di-oxygenase (Fig 10).
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F.

CLUSTER OF ORTHOLOGOS GROUP
The COG database was used to analyze the motor genes

motA and motB and the motor switch complex genes fliG,
fliM, and fliN.

Our findings indicate that fliG from the

switch complex was located between two motility genes
fliF and fliH in 72% of the organisms (Table 6).

In

Aquifex aeolicus, Chlamydia trachomatis, and Chlamydia

pneumoniae fliG was not located next to these motility
genes.

There are two copies of fliG in Treponema

pallidum and Borellia burgdorferi.

Only one copy of the

gene was located between fliF and fliH,. the other copy
was not located near any of the motility genes.

In 82%

of the organisms, fliM was located next to fliN, while
fliN was located next to fliM in 62 % of the organisms
that had copies of this gene.

C.

trachomatis and C.

pneumoniae had a copy of fliN but did not have a copy of
fliM and Helicobacter pylori had three copies of fliN and

only two copies of fliM.
The motor genes motA and motB were located next to
each other in all organisms found in the COG database
(Table 6).

In our continued analysis of the motor genes,

we found organisms absent from the COG database with motA
and motB that were not adjacent (table 7). A.
tumefaciens, M. loti, S. meliloti, M. flagellatus, P.
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aeruginosa, T. ferrooxidans, T. tepidum, and B.
melitensis had copies of motA that were not located next
to motB.

In addition,

T. tepidum also had copies of motB

that were not located next to motA.
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FIGURE 1. Western blot analysis of polar flagellin of
wild type Sp7 and Mot- mutants.
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FIGURE 2. Western blot analysis of lateral flagellin
of wild type Sp7 and Mot- mutants.
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Mot" Mutants
IZ5"
IZ7"

Glycosylation
+

izir
IZ28"
IZ34"
SD8"

TABLE 1.

+
+
+

Glycosylation analysis of polar flagellin
for each mutant.(-) indicate nonglycosylated and (+) indicated glycosylated
flagellin
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Complement group

Mutant strains

Swim/Swarm

IZ5
SD8
SD4 0

-/++
-/+

IZ2
IZ24
IZ28
IZ34

-/ +
-/ +
-/ +
-/ +

1. pIZ5L2/pSD8Ll/pSD40

2. pIZ28Ll/pIZ34Ll

TABLE 2.

Complementation grouping of Mot
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-/-

mutants.

FIGURE 3.

Positive results of complementation
analysis with pIZ28Ll and IZ28-. Arrows
indicate area where motile cells form a
ring.
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FIGURE 4.

Row 1 and 2 represent pIZ28Ll and pIZ34Ll,
respectively. Digestion of pIZ28Ll and
pIZ34Ll with EcoRl and Pstl reveals two
DNA fragments in common, pIZ206 and pIZ207.
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1

2
pIZ206
pIZ207
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FIGURE 5.

Digestion of pSD8L3 and pSD8L4 with EcoRl
and Pstl. The common band was named
pIZ210.
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FIGURE 6.

Azospirilium brasilense DNA sequence for
flgD
and FlgE.
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acggccagtgccaagcttgcatgcctgcagaacggcgcggcgaactgggaatactcg
TASAKLACLQNGAANWEYS
ctgaacagcgaggccgcgtcggtcaccctgacggtgcgcgacgaggacggggccatcgtc
LNSEAASVTLTVRDEDGAIV
taccaggacagcggcgccaccggccagggcagccattccttcacctgggacggcacgggg
YQDSGATGQGSHSFTWDGTG
cgtgacggcgcggtccacacgtcgggcacctacagcctgaccgtcaccgctctggactcc
RDGAVHTSGTYSLTVTALDS
agcaaggccgccatcgccccgagacgcggatcaagggcacggtcacctccgtggacacct
SKAAIAPRRGSRARS PPWTP
ccggcaccagcgcggcgctgggcatcggtgacgtcagcgtgcccgccgacgacgtgctgt
PAPARRWASVTSACPPTTCC
cgcB FlgD ends
R *
FlgE begin
atggcgatcaacggcgagggcttcttcgtggtgtcggaggagacggcggacggcaccgtc
MAINGEGFFVVSEETADGTV
gccttcacccgcaacggctccttctccaccgacgcccagggctacctgtcgaacagcgag
AFTRNGS FSTDAQGYLSNSE
ggatactatctctacggctgggcgctgaacgccaacgccaccgtcgccgccggcaacaag
GYYLYGWALNANATVAAGNK
gggtcggtggacagcctcgtcccggtcaacgtcgccaacatcaagggcacgcccaaggcg
GSVDSLVPVNVANIKGTPKA
acctcgaccatgggaatcgacgccaacctgccctcggacgcggacaccggcgacagcttc
TSTMGIDANLPSDADTGDSF
accaccgacatggaaatgttcgacagcctgggcgtcagccactccatcaccctgagctgg
TTDMEMFDSLGVSHS ITLSW
accaagaccggcgagaacacatgggagctggacgcctccgaccccgtcatgtcctccgac
TKTGENTWELDASDPVMSSD
gccactcggaccaccgggaccatcgccggcttccccatccagctctccttcaacaccgac
ATRTTGTIAGFPIQLSFNTD
ggcacactggcctccgccgccacggtggccgcggacggcacgacgaccgccgccgacctg
GTLASAATVAADGTTTAADL
tccgccctgtccttctccgtcgatggatggaccaccggggccggcggcagcgcggtcgcg
SALS FSVDGWTTGAGGSAVA
ctgaacctcggcaccgccaacagcaacaacggcctgacccaacacgcatccggcgacagc
LNLGTANSNNGLTQHASGDS
acgccctcggtcagcgtcgagaccacgacgcagaacggctacaagcccggctccctgacc
TPSVSVETTTQNGYKPGSLT
ggcacgaccatcggcaaggacggcatcgtccgcgccgtcttcgacaacggcgagacgcgg
GTTIGKDGIVRAVFDNGETR
gcgatctatcagatccccatcgccaccttcgccaacgccgacgggctggaaagcgtcacc
AIYQI PIATFANADGLESVT
ggcaccaccttcacccagacggcggcggccggacagtaccagctccgcacggcgggcgac
GTTFTQTAAAGQYQLRTAGD
gccaaggccgggacggtgacggcgggcgcgctggaaagctccacggtcgagctgaccgac
AKAGTVTAGALESSTVELTD
gagttcagccgcatgatcgtcgcccagcaggcttattccgccgcctccaaggtcatcacg
EFSRMIVAQQAYSAASKVIT
FlgE ends
Acctcgcaggacatgatggacacgctgatcgccatgaagcgc]
TSQDMMDTLIAMKR *
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Expected value

Organism
Escherichiacoli
Salmonella typhimurium
Mesorhizobium loti
Sinorhizobium meliloti
Brucella melitnesis
Treponema pallidum
Treponema denticola
Vibrio parahaemolyticus
Pseudomona aeruginosa
Caulobacter crescentus

TABLE 3.

FlgE

FlgD

2e-31
3e-28
6e-32
3e-31
6e-30
3e-27
le-26
5e-25
6e-25
2e-2 3

8e-06
6e-05

Expected values of BLAST Hits from flgE and
flgD in Azospirillum brasilense.
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FIGURE 7.

Azospirillum brasilense DNA sequence for
fill,

fliJ, motRr
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flhF, and flhA.

FlhA begin
atggccgacgagccgatcgccacggcgctggccatcgacctgatccggctggaactgggc
MADEPIATALAI DLIRLELG
tacggcctgctgtcgctgatcaaccagccgcaggcgggcagccaccggctgaccgaccag
YGLLSLINQPQAGSHRLTDQ
atcaagggcctgcgccgtcagatcgccggcgaggtcggcttcgtcatgccggcggtgcgc
I KGLRRQIAGEVGFVMPAVR
atccaggcatcgtcggcttcgtcatgccgggcggtgcgcatccaggaacaccctccagct
I QASSASSCRAVRIQEHPPA
tccgcccaacgcctacatcatccgcgtcaaggagatcgaggcgggacgcggcgacatccg
SAQRLHHPRQGDRGGTRRHP
cccgaacatgcttctcgtcatggacccgcgcggcgaggcgatgagcctgcccggcgagca
PEHASRHGPARRGDEPARRA
gacggtggagccgaccttcggcctgccggccatctggatcgagccgggctaccgcgagga
DGGADLRPAGHLDRAGLPRG
ggcgctgttcaagggctacacggtggtcgacccgtccacggtcatcaccacgcatctgac
GAVQGLHGGRPVHGHHHAS D
ggaactcatcaaggacaacatgccggagctgctgtccttcaccgagacgcagaagctgct
GTHQGQHAGAAVLHRDAEAA
ggacgagctggacaaggagcaccagaagctgatcgccgacgtggtgccggcgcagtggac
GRAGQGAPEADRRRGAGAVD
aaggagcaccagaagctgatcgccgacgtggtgccggcgcagatcactgtgggcggattg
KEHQKLIADVVPAQITVGGL
caacgggtgttgcagaacctgcttgcagaacgggtgtcggtacgcgatcttgcgaccatt
QRVLQNLLAERVSVRDLAT I
ctggaaggcgtgtccgaggcggcaagccaaacccgcagcatcacgcagatcaccgagcat
LEGVSEAASQTRSITQITEH
gtgcgcacgcgcctggcgcggcagatctgcgacgcgaacatcaacgagatgggagtcatc
VRTRLARQICDANINEMGVI
ccgctcgtcaccctgtcccccgagtgggagcaggcgttcgcggaatcgctggtgggtgac
PLVTLS PEWEQAFAESLVGD
ggcgacgaccggcaactgacgatggcgccaagccggcttcagcaattcatcacttctggg
GDDRQLTMAPSRLQQFITSG
FlhA ends
tccgccaaaccttcgagcgacacgcca|
SAKPSSDTP

*

FlhF begin

IrtCfcggctgaagtcgttccacgccaagtccatgtccgaagccatgcgcatggtccgccag
MRLKS FHAKSMSEAMRMVRQ
acgctgggcgacgatgccatcatcgtcgccacgcgcgaggaggacggcggcggcgttcgc
TLGDDAI IVATREEDGGGVR
gtgaccgcggcggtggaggacgacgatctgctgatggcgcaggcgcgcacagcccagccg
VTAAVEDDDLLMAQARTAQP
acccggacctcccgccccgtggtggtggtcgaggaggagccggagatcgacgtgggcgag
TRTSRPVVVVEEEPEI DVGE
gtggtggccgacgtgetgcaccgccacggcgtgcccgcggccctggccgagcagctgate
VVADVLHRHGVPAALAEQL I
gacgccgccgccgggctggacaccgacgaccccgcgctggcgctgggcgccgccctcgac
DAAAGLDTDDPALALGAALD
tccatgttcaccttcagcccgctgcaggaccggcgcggcggcaacaagccgctgatcctg
SMFTFSPLQDRRGGNKPLIL
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gtcggcccgccgggcagcggcaagacgctgatcgtcgccaagctggccgcccaggcggtg
VGPPGSGKTLIVAKLAAQAV
ttccgcaaacgctcggtcggcgtgatcaccaccgacacggttcgcgccggcggcatggaa
FRKRSVGVI TTDTVRAGGME
cagttggccgccttcacgcgtctgatgaaaatcaaactggcgacggtggaggatcccggg
QLAAFTRLMKIKLATVEDPG
acgcgctcgcgggcgcgttcgaggtcagccgcggcgccgacgtcgtcctggtggataccg
TRSRARSRSAAAPTSSWWIP
ccgggcgcaacccctacaaccgggaagacatggccgacctcaaggccctgctgtccgccg
PGATPTTGKTWPTSRPCCPP
gggtggccgagccgatcctcgtgctccccgccgggctggacgccatggaagccgccgaca
GWPSRSSCS PPGW T P W K P P T
TcgcccaatccttcaaggcgctgggcgtgcggcggatgcJJ| FlhF ends
S PNPSRRWACGGC *

MotR begin
atgaccgatccggtgtttccggccgccctcaagaacgttcacccgctgcgcggtgccaac
MTDPVFPAALKNVHPLRGAN
gtcatcgccgtggccagtggaaagggcggcgtcggcaagacgtggttctcgatcacgctc
VIAVASGKGGVGKTWFS ITL
gcccacgcgctgaccaagatgggcaagaactcgctgctgttcgacggcgacctcggcctc
AHALTKMGKNSLLFDGDLGL
gccaacgtcgacatccagctcggcttccagccgaagaacgatctgggcgcggtgatcaac
ANVDIQLGFQPKNDLGAVIN
ggcgacgtgacgctgggccgcgcggcccagcgctacaccgagggcggcttcgacatcatc
GDVTLGRAAQRYTEGGFDI I
gccggccgctccggctccggcacgctcgcccagctgccgagccagcgcctgtccggcctg
AGRSGSGTLAQLPSQRLSGL
cgcaacgacctgatggagctggcccggcgctacgactgcgtcatcatggacatgggcgcc
RNDLMELARRYDCVIMDMGA
ggcgtcgaccgcacggtgcgcaccctgtccggcccggccgggacgacgctggtggtgacg
GVDRTVRTLSGPAGTTLVVT
acggacgagccgacctcgctgaccgatgcctacgccttcatcaagctgacccacgccacc
TDEPTSLTDAYAFIKLTHAT
aaccccaccgccgacctgcgcgtcgtggtgaacatggcgcagagcgtgaaggacggcgag
NPTADLRVVVNMAQSVKDGE
cggacctacggcaccatcctgaaggcctgccatgaacttcctgaagtacaagcccgccct
RTYGTILKACHELPEVQARP
ggccggcatcatccgccgcgacctgaaggtgcgcgacgccatccgcaaccagtcgccgct
GRHHPPRPEGARRHPQPVAA
gctgacccgctcccccagttccgacgctgcgcgggacgtgctggccatcgcccagcggct
ADPLPQFRRCAGRAGHRPAA
tctgaacggccagtaagtccgggatgggcggcgcccttccacccccggtcgccggaacac
SERPVSPGWAAPFHPRS PER
ccgccgcccccgcggcggcgaccacccccgcgcccgccccggcggtggtcgccgagggca
PPPPRRRPPPRPPRRWS P R A
cggtcaaggccctgccggagcggttgcaggacatcgcccgcccggtcgtgcHJj
RSRPCRSGCRTS PARSC *
MotR ends
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FliJ begin
atgagcagtctgaagaccatcatccgcctccagaaatggaagctcgacgagaagcgccgg
M SSLKTI IRLQKWKLDEKRR
gcgttggcggaattgcagaacctcgccgaccggctccaggcggagatcgagcggctgaag
ALAELQNLADRLQAEIERLK
gaggagatcgcggcgagcaactacatccaggcggcgatggagcgcggcaaacgcctgacc
EE IAASNYI QAAMERGKRLT
cagtccatggggcaggtggaggcccagatcgccgtcgccaccgacgagatggccgaagcc
QSMGQVEAQIAVATDEMAEA
ttccaggagttgaagcgctacgagctggccgaagaggagcggctgaagcgcgagaaggag
FQELKRYELAEEERLKREKE
aagctcaagcgcaaggaagccaacatgetggatgagaccgcactggtcggattccgccgc
KLKRKEANML D ETALVGFRR
cgccagcgggaagaaagcgaactggaaaccJd FliJ ends
RQREESELET
Flil begin
ptgcgccgccaggccgcctacatgacgctggccgtggcggaggccttccgcgacgccggc
M RRQAAYMTLAVAEAFRDAG
tgcaacgtactgtgcatgatggacagcgtgacccgcttcgccatggcccagcgcgagatc
CNVLCMMDSVTRFAMAQRE I
ggcctgtccgccggcgaaccgccgacgaccaagggctatccccccaccgtcttcgccgag
GLSAGEPPTTKGYPPTVFAE
ttgccgcgcctgctggagcgcgccgggccgggcctcagcgggtcgggctcgatcaccggc
LPRLLERAGPGLSGSGS ITG
ctgttcaccgtgctggtggagggcgacgaccacaacgaacccatcgccgacgccgtgcgc
L FTVLVEGDDHNEPIADAVR
ggcatcctggacggccacatcgtcctggagcgccagatcggcgagcgtgggcgctacccg
GILDGHIVLERQIGERGRYP
gccatcaacatcctgcgcagcgtgtcgcgcaccatgcccggctgcaattcccccatggag
AINILRSVSRTMPGCNS PME
aacgagctggtgaaccacgcgcggcggctgatgtcgtcctacgacaacatggcggagatg
NELVNHARRLMS SYDNMAEM
atccgcctgggcgcctaccgcaagggcaccgacccgcaggtggacgaggccatccatttc
I RLGAYRKGTDPQVDEAIHF
cagccggctttggaggcattcctcaagcagggcaagcgcgaggcgaccgacctcgacaac
QPALEAFLKQGKREATDL D N
agctacgcccagcttgccgccatcttcggcattgaacagtggccgccgcaagaaJd
SYAQLAAI FGIEQWPPQE *
Flil ends
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E value

Organism
Caulobacter crescentus
Bacillus subtilis
Bacillus halodurans
Salmonella typhimurium
Escherichia coli
Treponema denticola
Treponema pallidum
Vibrio parahaemolyticus
Xanthomonas oryzae
Aquifex aeolicus
Bordetella bronchiseptica
Thermotoga maritima
Pseudomonas aeruginosa
Campylobacter jejuni
Borrelia burgdorferi
Helicobacter pylori

TABLE 4.

Flil
4e-8 7
83-69
7e-66
2e-55
2e-62
2e-54

FliJ

MotR

FlhF

2e-05

3e-0 6
7e-0 9

FlhA
4e-36
le-42
8e-32

2e-25

2e-0 6
le-10
3e-0 9
le-53
2e-53
2e-53

2e-07

9e-31

2e-06

E values from BLAST Hits of flil, fliJ, motR,
flhF and flhA.
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3e-4 8
3e-28
5e-36
6e-26
3e-42

FIGURE 8.

Azospirillum brasilense DNA sequence for
fliN, motA, and flbD.
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FliN begin
atggtggtgggcgattccggcctggcaccgggaagctgccggatcgaatgggccaaaggc
MVVGDSGLAPGSCRIEWAKG
gggtggagcgggacaccgccggcctgcttgcccagatcgagcggcggatggccggcctgc
GWSGTPPACLPRSSGGWPAC
tggaggcgccgccgggctgacgccgcggcggaccgattgcggcgaacaggattttttgag
WRRRRADAAADRLRRTGFFE
gttctaagggcttctggagacttcgatggccaaggacagcttctccctcgacgagttgga
VLRASGDFDGQGQLLPRRVG
cggcggcggccgcagcgacattgcggagtacgagaccggcctgggtccggccaaggacct
RRRPQRHCGVRDRPGSGQGP
ggaagcggtctacgacattcccgtccagatctccgccgtgctcggcaaatcgaccatgca
GSGLRHSRPDLRRARQI DHA
ggtcagccaattgctcaagtcgggccggcatcggcaaatcgaccatgcaggtcagccaat
GQPIAQVGPASANRPCRSAN
tgcttcaagctcgggcgcggcgcggtggtggaactggaccgcaaggtcggcgaggccatt
C FKLGRGAVVELDRKVGEAI
gacatctacgtgaacaaccgcttggtcgcccgcggcaaggtcgtggtggtggaagaccgg
DIYVNNRLVARGKVVVVEDR
FliN ends
ctgggcatcaecatgaccgaaatcatcaagtcggaccgcggaj
LGITMTEIIKSDRG*
Atggcgtcgggcggcagcttgcgcgccttcatcgacccgccgtcgctcatcatcgtgttgggc
ggcacgctggcggtcaccaccgcctccttctcgctgtccgacgtggccatcgcgtggcgcgac
gccggggcggtgctgatccaccggaccagcgacccgcgcggcgtggcccggcaggtgctcctg
ctcgccgaggcggcgcgccgcgcgccggagacgctgcgcaacgtcctgccggagctgaagcac
gagtcgttcctgcaccgctccgtcacgctggtggccgaggggctgccgccgatccatcacgat
ggtgcctgagggcctcccgcccgacgacatcgagcggatgctgatcggcgaggtcaaggtgtc
gggcgccgtcaaggtcaacagcgccggcgtgatgctccgcgcgtcgtaggtggcgccgcccat
ggggctgatcggcacgctggtcggccttgtccagatgctgggcagcctgaccgacccgtcaag
catcggccctgccatggcgctggccctgctgaccaccttctacggggcggtgctcggcaacgt
cgcgctcgctccgctggccgccaaggtggagcggacggcggaggaggacgcgctcgtcaagac
tctctacaccatcggcgcggtatccatcgcgcgtcaggaaaatccgcggcgtctggagatgct
cctgaacgccgttcttccgcctggaaagcggattcagtacttcgatcgggactccgaccgggg
ttctccgaggggagcgtaa
Nucleotide sequence of MotA
FlbD begin
atgctggcgaccctgcgcttggcggatcaagtggcgcccagcgacgcctccgtcctcatc
MLATLRLADQVAPSDASVLI
accggcgagagcggcaccggcaaggagctgatggcccgctacatccaccgcaagagccgg
TGESGTGKELMARYIHRKSR
cgttccgacgcgcccttcgttgcggtgaattgcgcggccatcccggaaaacctgttggaa
RSDAPFVAVNCAAI PENLLE
tcggagctgttcggccatgagaagggcgccttcaccggcgccgtcgcccgccggttgggt
SELFGHEKGAFTGAVARRLG
cgcttcgaggaggccaacggcggcaccctgctgctcgacgagctgtcggagatgcacccg
RFEEANGGTLLLDELSEMHP
cggctccaggccaagctgctgcgcgccatccaggagaaggagatcgaccgcatcggctcg
RLQAKLLRAIQEKEIDRIGS
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tcccagccggtgaaggtgaacgtccgtctggtcgccacctccaaccgcaacctggagaac
SQPVKVNVRLVATSNRNLEN
gaagtccgcgccggcaacttccgcgaggacctctatttccgcctgaacgttttcagcgtc
EVRAGNFREDLYFRLNVFSV
gccattccgtcgctgcgcgaacggccggccgacataccgatgatcgccgaccatttcctg
AI PSLRERPADI PMIADHFL
aagaaatacgcgcaggccaacggtctgggcgagaagcggctgtcggacgacgcgctgctg
KKYAQANGLGEKRLS DDALL
atgetgcgcgcccatcactggcgcggcaacgtgcgccgaagctggaaaaacaecatgcac
MLRAHHWRGNVRRSWKNTMH
cgtgccgtcctgetctccaaatcggagacggtcgggccggacgcgateatgetgaccagc
RAVLLSKSETVGPDAIMLTS
cagctgctcgctccggaagggtcggcgcaggcatcgatccccaccaactcgccggtcgcc
QLLAPEGSAQAS I PTNSPVA
aaccccttcgccgggccgggcggtacggtgccacaggcgccgcgcggctatgggcaagcc
NPFAGPGGTVPQAPRGYGQA
ggcttcccgggtacccgacctcttatgcgccgccgcagggccacgcccgcgggaacggcg
GFPGTRPLMRRRRATPAGTA
ggctattggcaaacgcccggagcgttcctatggcaacgccggagcgtcgtcctacggcaa
GYWQTPGAFLWQRRSVVLRQ
cgccggggcggcgtccggcgcccccgccgtccagggactcgtcgggcgcacggtggcgga
RRGGVRRPRRPGTRRAHGGG
ggtcgagcgcgacctgatcatcggcactctgtcgcactgcctgggcaaccgcacccacgc
GRARPDHRHSVALPGQPHPR
ggcgaacatcctgggcatctcgatccgaacgctgcgcaacaagctgaagcagtacagcga
GEHPGHLDPNAAQQAEAVQR
ggagggcgtgcccggtgccgccgccgggcaatcgaggaacggggcgggctactgatccgc
G GRARCRRRAIEERGGLLIR
^
FlbD ends
*
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E vlaue

Organism
Rhodospirillum centenum
Caulobacter crescentus
Vibrio parahaemolyticus
Vibrio cholera
Pseudomonas putida
Pseudomonas aeuroginosa
Bacillus subtillis
Treponema pallidum
Thermotoga maritima
Bacillus halodurans
Azospirillum brasilense

TABLE 5.

FliN
2e-20
8e-l 6
4e-08
5e-08
2e-07
2e-07
5e-07
5e-07
2e-06

MotA
3e-4 6

FlbD
6e-85
6e-85

2e-21
le-20
5e-15
4e-13
2e-12
3e-10
9e-22
e-179

Expexted values of BLAST Hits from fliN, motA,
and flbD in Azospirillum brasilense.
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FIGURE 10.

Nucleotide sequence of pIZ210.
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pIZ210 with Universal Primer
tgccaagcttgcatgccttgcagcttcaccgcgtcggcgccggcctccctggcggcgtcgaccagggc
gagcgcccggttcagttcgccctggtggttgcccgacatctcggcgatcagatagggcgggtggccgg
ggccgatggggcgcccgttgatgacgacgtcgcgcggcacgggatgggtctctcggtgatggtcgagg
atcactctgccatggaagcggttggccggtcttccctttgtgcggttgcccgcagaaagtcccgcgcc
tcctcaccatagg
Homology with NeuB

pIZ210_with Reversel Primer
tgattacgaattcggagactattaaccgaaagaacgctagggtcgaatgattaacgaaccgataaatg
gaatcagccatggatgaccgggttcagcaaagccagctttcgttcccgcccgacatggtgatcccgcc
ccagcgttactccggcgaggccaatcacgccgaagaggcggtgcgagtcttccgccgttgctggatgt
tcgttggatttacggacgacctgcgcaacgacaacgacttcatcaccaccgacatcgccggcacctcg
gttctggtccagaatttcgacggtgacttgcgggcctatcacaatgtctgcacgcaccg
Homology with mono-and di-oxygenase
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Gene Location

Organism
A.
A.
B.
M.
S.
S.
S.
M.
P.
T.
T.
T.
T.

MotA
0511
1030
0598
2418
0573
0456
0761
2285
4009
0925
1922

tumefaciens
tumefaciens
melitensis
loti
meliloti
meliloti
meliloti
flagellatus
aeruginosa
ferrooxidans
tepidum
tepidum
tepidum

TABLE 7.

MotB

0999
2636

Organism with motA and motB genes that are not
located next to each other.
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IV.

SUMMARY
We have characterized several Azospirillum

brasilense non-motile mutants, which display different
flagellin phenotypes.

The mutants, with either normal or

reduced size flagellin, may or may not assembly a
functional flagellum.

We do not know if the mutants

assembled a fully formed flagellum because in the
hierarchy of flagellar assembly, the mutation could have
taken place at any level.
By complementing the mutants with a cosmid library
from the wild type, we identified genes that were
involved in assembly, synthesis, export of flagellin,
regulation of flagellar number, and gene expression.
Defects in any of these genes would interfere with the
assembly of the flagellum even if the flagellin protein
was of normal size.

We also found genes that were

involved in motor function and flagellar placement.

A

defect in a motor gene could result in production of
normal flagellum, but the mutant would be non-motile
A cell with a defect in the

because of the motor defect.

flagellar placement gene could have assembled a flagellum
but bee non-motile due to incorrect placement of the
flagellum around the cell.
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Mutants with reduced flagellin do not have normal
size flagellum.

If the flagellin size is reduced, the

diameter of the flagellum could not be normal.

Mutants

with reduced size flagellin were non-glycosylated.

The

effect of omitting the glucose would be to further reduce
the final size of the mature flagellin subunit.
Therefore, flagellum assembled from truncated subunits
would be expected to have a smaller diameter and might
possibly be shorter in length than normal functional
flagellum.
IZ5

and SD8 , reduced size and normal size

flagellin, were in the same complementation group.
results indicated that IZ5
is glycosylated.

Our

is non-glycosylated while SD8

The DNA segment that complemented these

mutants did not contain motility genes, but genes
involved in modification of the flagellum by
glycosylation.
Next, we performed bioinformatic characterization of
the motility genes.

The gene fliG is believed to be a

part of the motor switch complex with fliM and fliN.

In

our preliminary data, we indicated that these genes are
adjacent to each other.

However, in our search of the

COG database, we found that fliG was not located next to
fliN nor fliM in any of the organisms in this database.
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We also found that fliM and fliN were not always located
next to each other.

In addition, it is not true for all

organism in the COG database that fliG attaches to the MS
ring.

The motor gene motA and motB are also not always

located next to each other.

In our sequencing results of

Azospirillum DNA, we found that motA is not located next
to motB.
flbD.

Instead, this gene is located between fliN and

It is possible that there is another copy of the

gene, which could be located next to motA.
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